In eukaryotic cells, heme production is tightly controlled by heme itself through negative feedback-mediated regulation of nonspecific 5-aminolevulinate synthase (ALAS1), which is a rate-limiting enzyme for heme biosynthesis. However, the mechanism driving the heme-dependent degradation of the ALAS1 protein in mitochondria is largely unknown. In the current study, we provide evidence that the mitochondrial ATP-dependent protease ClpXP, which is a heteromultimer of CLPX and CLPP, is involved in the heme-dependent degradation of ALAS1 in mitochondria. We found that ALAS1 forms a complex with ClpXP in a heme-dependent manner and that siRNA-mediated suppression of either CLPX or CLPP expression induced ALAS1 accumulation in the HepG2 human hepatic cell line. We also found that a specific heme-binding motif on ALAS1, located at the N-terminal end of the mature protein, is required for the heme-dependent formation of this protein complex. Moreover, hemin-mediated oxidative modification of ALAS1 resulted in the recruitment of LONP1, another ATP-dependent protease in the mitochondrial matrix, into the ALAS1 protein complex. Notably, the heme-binding site in the N-terminal region of the mature ALAS1 protein is also necessary for the heme-dependent oxidation of ALAS1. These results suggest that ALAS1 undergoes a conformational change following the association of heme to the heme-binding motif on this protein. This change in the structure of ALAS1 may enhance the formation of complexes between ALAS1 and ATP-dependent proteases in the mitochondria, thereby accelerating the degradation of ALAS1 protein to maintain appropriate intracellular heme levels.
Heme is an essential molecule to almost all organisms. Heme functions as a prosthetic group on several types of proteins, including cytochromes, catalases, hemoglobin, and myoglobin. Moreover, it has been reported that heme is also involved in numerous regulatory systems in mammals (1) , including those that govern transcription (2) , translation (3), microRNA processing (4) , and the circadian rhythm (5) . Excess quantities of heme or heme precursors result in the generation of reactive oxygen species, causing oxidative stress in cells (6) . Thus, the production of heme and heme precursors must be tightly regulated. This regulation occurs through the precise control of the intracellular expression of nonspecific 5-aminolevulinatye synthases (ALAS-N or ALAS1). ALAS1 is the first and the ratelimiting enzyme of the heme biosynthetic pathway in mammalian cells, except for in erythroid cells, in which erythroid-specific 5-aminolevulinate synthase (ALAS-E or ALAS2) regulates the first step of heme biosynthesis (7) . Although ALAS2 expression increases during erythroid differentiation, ALAS1 expression is suppressed by heme at the transcriptional, translational, and post-translational levels (8) . ALAS1 and ALAS2 are encoded by independent genes (9) ; however, they both contain a conserved amino acid sequence called the heme regulatory motif (HRM), 2 which is involved in heme-dependent inhibition of ALAS1 and ALAS2 translocation into the mitochondrial matrix (10) . The HRM has also been referred to as the "CP motif" because it includes a core dipeptide motif composed of cysteine and proline residues (2) . In humans, three CP motifs have been identified within the ALAS1 precursor protein. Two of these motifs (CP1 and CP2) are located within the presequence for mitochondrial translocation, and the remaining motif (CP3) is located within a region close to the N-terminal end of the mature ALAS1 protein (10) . Interestingly, in addition to CP1 and CP2, CP3 has been reported to be involved in hemedependent inhibition of the mitochondrial import of the ALAS1 protein, although CP3 is not located within the mitochondrial translocation presequence on the protein. Following mitochondrial import, this presequence is proteolytically removed, after which the mature ALAS1 protein catalyzes the condensation of glycine and succinyl-CoA to produce 5-aminolevulinic acid in the mitochondrial matrix (11) . Although the mature ALAS1 protein has been suggested to retain CP3 within its N-terminal region (10) , how CP3 affects the mature ALAS1 within the mitochondrial matrix remains unknown.
Several proteases and peptidases have been reported to play important roles in protein quality control within the mitochondrial matrix (12, 13) . To date, two proteases, LONP1 (14) and ClpXP (15) , have been reported to function as ATP-dependent proteases in the mitochondrial matrix of human cells. The human LONP1 protein acts as a homo-oligomeric hexamer (16) , whereas ClpXP is a heteromultimer of two different proteins, CLPX and CLPP. CLPP consists of double heptameric rings, whereas CLPX is composed of two hexametric rings bound on each side of the CLPP ring (15) . It has been suggested that CLPX recognizes and unfolds the tertiary structures of target proteins, after which CLPP degrades the unfolded target proteins (17) . In fact, mammalian ClpXP has been reported to exhibit protease activity against model substrates of ClpXP, such as casein (15, 18) ; however, a specific substrate for mammalian ClpXP has not been identified. Moreover, Kardon et al. (18) recently reported that mammalian CLPX can associate with and activate ALAS by facilitating the insertion of pyridoxal 5-phosphate, a cofactor for ALAS, into the catalytic site of ALAS, whereas human CLPX does not act as a component of the ClpXP protease for ALAS. Conversely, it has been reported that LONP1 recognizes several different proteins, including mitochondrial aconitase (19) and COX4-1 (20) . Moreover, Tian et al. (21) presented evidence that LONP1 was involved in heme-mediated proteolysis of ALAS1 in mitochondria, although the precise mechanism underlying the heme-dependent degradation of ALAS1 remains unclear.
In the present study, we aimed to identify proteins that associate with and regulate intracellular ALAS1 protein. Using immunoprecipitation followed by mass spectrometry analysis, we successfully identified several proteins. Interestingly, we found that ClpXP can form a protein complex with ALAS1. Additional experiments revealed that the formation of a complex between ALAS1 and ClpXP was inhibited by the suppression of endogenous heme biosynthesis and enhanced by the addition of hemin. Thus, we further examined the role of ClpXP in the regulation of heme biosynthesis in human cells.
Results
Several Different Proteins Co-immunoprecipitated with Human ALAS1-To identify proteins involved in the post-translational regulation of ALAS1, human ALAS1 was expressed as a FLAGtagged protein in FT293 cells, designated FT293 ALAS1F . The tagged protein, which was designated ALAS1F, was immunoprecipitated using anti-DDDDK-agarose (Medical and Biological Laboratories, Nagoya, Japan). Then components of the immunoprecipitated proteins were identified using nanoflow LC-MS as described under "Experimental Procedures." FLAGtagged firefly luciferase protein (designated LucF) was used as a control to determine what nonspecific proteins were pulled down during the immunoprecipitation. The proteins identified from the LucF immunoprecipitates were excluded as background from the list of proteins identified from the ALAS1F immunoprecipitates. As a result, we identified ϳ60 different proteins capable of forming complexes with the ALAS1F protein specifically (Table 1 ). In addition to seven mitochondrial proteins (in boldface type in Table 1 ), several non-mitochondrial proteins, including cytosolic proteins, cytoskeletal proteins, the translation initiation protein complex, and RNAbinding proteins, were identified. To the best of our knowledge, the involvement of these proteins in the regulation of ALAS1 has not been reported previously. As such, the roles of these proteins in regulating ALAS1 remain unknown. Although we aim to elucidate the roles of all of the identified proteins in the regulation of ALAS1 in the near future, in the current work, we focused on the isolated mitochondrial matrix proteins because the increased number of total peptide spectrum matches identified by nanoflow LC-MS suggested a high correlation between mitochondrial matrix proteins and ALAS1 protein. Of the seven identified mitochondrial proteins, we chose to further analyze CLPX and CLPP, both of which function as ATP-dependent ClpXP proteases within the mitochondrial matrix, for their potential involvement in the degradation of the ALAS1 protein in the mitochondrial matrix.
The ALAS1 Protein Forms a Complex with ClpXP in a Hemedependent Manner in the Mitochondria-We first confirmed that a complex forms between ALAS1F and ClpXP using immunoprecipitation followed by Western blotting analysis. As shown in Fig. 1A , the co-immunoprecipitation of ALAS1F and ClpXP was reproducible (lane 2), whereas ClpXP did not coimmunoprecipitate with LucF (lane 1). Interestingly, ClpXP was not detected in the immunoprecipitates of the presequence-deleted ALAS1F protein (lane 3), which lacks a signal sequence for mitochondrial translocation. This result suggests that the formation of the ALAS1F-ClpXP complex occurs within mitochondria. The mitochondrial localization of ALAS1F, but not of LucF or ALAS1F(⌬preseq), was also verified by immunofluorescence ( Fig.  1B) .
To determine the role of intracellular heme in the formation of a complex between ALAS1F and ClpXP, LucF-or ALAS1Fexpressing cells were treated with succinylacetone (SA), which specifically inhibits heme biosynthesis, for 24 h. The cells were then further incubated with or without hemin for 30 min before being harvested. As shown in Fig. 1C , ALAS1F formed protein complexes with ClpXP (lane 4), whereas the suppression of endogenous heme synthesis by SA treatment prevented the ClpXP-ALAS1F complex formation (lane 5). Importantly, additional treatment with hemin restored the formation of ClpXP-ALAS1F complexes within 30 min (lane 6). Co-immunoprecipitation of LucF and ClpXP was not observed after SA or hemin treatment (lanes 1-3), although the expression levels of CLPX and CLPP in cell lysates were similar to those in cells expressing LucF (lanes 7-9) or ALAS1F (lanes 10 -12). These results suggest that ALAS1F specifically forms complexes with ClpXP within the mitochondrial matrix in a heme-dependent manner. The immunofluorescence study revealed that the FLAGtagged ALAS1 still localized in the mitochondria after treatment with SA and/or hemin, although SA treatment of these cells resulted in the enlargement of some mitochondria due to extensive accumulation of FLAG-tagged ALAS1 (Fig. 1D) .
A Specific Heme-binding Motif on the ALAS1 Protein Is Involved in the Heme-dependent Association between ALAS1 and ClpXP-It has been reported that heme binds to ALAS1 via a conserved amino acid sequence, termed the HRM (10). This motif contains a cysteine-proline dipeptide motif (CP motif) as a core sequence (2) . Human ALAS1 and ALAS2 proteins each contain three independent CP motifs, which are involved in regulating the mitochondrial translocation of ALAS1 and ALAS2 (10, 22) . Two of these CP motifs (CP1 and CP2) are located within the presequences found on ALAS proteins, whereas the final CP motif (CP3) is located within the N-termi-nal regions of mature ALAS proteins ( Fig. 2A ). Interestingly, it has been suggested that CP3, along with CP1 and CP2, is also involved in regulating the mitochondrial translocation of ALAS1 (22) . However, the role of CP3 with respect to mature ALAS1 proteins present in the mitochondria remains unclear.
To determine the independent roles of CP1, CP2, and CP3 in the formation of the ALAS1-ClpXP complex, site-directed mutagenesis was utilized to substitute each cysteine residue within each CP motif to alanine, which inhibits the binding of heme to the motif (2). The resultant constructs expressed ALAS1F proteins in which both CP1 and CP2, only CP3, or all CP motifs were mutated; these constructs were designated ALAS1F⌬CP1⅐2, ALAS1F⌬CP3, and ALAS1F⌬CP1-3, respectively. As shown in the left panel of Fig. 2B , CLPX and CLPP were detectable in the ALAS1F immunoprecipitates (lane 1), whereas incubation with SA led to the disappearance of CLPX and CLPP from the ALAS1F immunoprecipitate (lane 2). It should be noted that additional treatment with hemin restored the formation of complexes between ALAS1F and ClpXP within 30 min (lane 3). Similar results were observed when ALAS1F⌬CP1⅐2 was immunoprecipitated (lanes 4 -6). However, CLPX and CLPP proteins were barely detectable in the immunoprecipitates of the mutant ALAS1 proteins in which only CP3 (ALAS1F⌬CP3; lanes 7-9) or all CP motifs (ALAS1F⌬CP1-3; lanes 10 -12) were mutated, whereas CLPX and CLPP expressed similarly in cells (lanes 1-12 in the right panel of Fig. 2B ). These results strongly suggest that the CP3 motif on ALAS1 is involved in the formation of complexes between ALAS1 and ClpXP proteins. Endogenous ALAS1 and ClpXP Form a Complex in Mitochondria in HepG2 Cells-To confirm that endogenous ALAS1 and ClpXP form a complex in mitochondria in the HepG2 human hepatic cell line, we first prepared the mitochondriarich fraction and confirmed the purity of the fraction. As shown in Fig. 3A , mitochondrial proteins (ALAS1, CLPX, and COXIV), cytosolic protein (GAPDH), and cytoskeletal protein (␤-actin) were abundantly expressed in the total lysate, whereas GAPDH and ␤-actin proteins were marginally detected in the mitochondria-rich fraction, suggesting that the mitochondria were concentrated in this mitochondria-rich fraction. Thus, to identify proteins that associate with endogenous ALAS1 in the mitochondria, mitochondria-rich fraction prepared from HepG2 cells was subjected to immunoprecipitation of endogenous ALAS1 protein. Using an anti-human ALAS1 mouse , wild-type ALAS1 (ALAS1), or presequence-deleted ALAS1 (⌬preseq) was expressed in FT293 cells as FLAG-tagged protein and immunoprecipitated using anti-DDDDK-agarose. FLAG-tagged proteins, CLPX, and CLPP in the immunoprecipitates (left lanes, FLAG-IP) and in total cell lysates (right lanes) were detected by Western blotting analysis using specific antibodies. GAPDH was detected as an internal control. M, molecular size marker. B, immunofluorescence analysis of FT293 cells expressing FLAGtagged proteins. Nucleus, mitochondria, and FLAG-tagged proteins were stained with DAPI (blue), anti-Tom20 (red), and anti-FLAG (green), respectively. C, intracellular heme levels are influenced by the formation of ALAS1 protein complexes. Shown is expression of FLAG-tagged luciferase (LucF) or ALAS1 (ALAS1F) proteins in FT293 cells following incubation with or without 1 mM SA for 24 h. The SA-treated cells were subsequently incubated with or without hemin for 30 min before harvest. In A and C, the loading volumes of the immunoprecipitates were adjusted according to the intensities of the FLAG-tagged proteins; therefore, each sample contains a similar quantity of FLAG-tagged protein. For the total cell lysate, 10 g of protein was loaded into each lane. p or m, precursor or mature FLAG-tagged ALAS1 protein, respectively. D, immunofluorescence analysis of FT293 cells expressing FLAG-tagged ALAS1 protein after hemin and/or SA treatment. Nucleus, mitochondria, and FLAG-tagged ALAS1 protein were stained with DAPI (blue), anti-Tom20 (red), and anti-FLAG (green), respectively. monoclonal antibody for immunoprecipitation led to detectable levels of CLPX and CLPP proteins in ALAS1 immunoprecipitates (Fig. 3B, lane 1) . However, treating the cells with SA decreased the quantity of CLPX and CLPP proteins in the immunoprecipitates (lane 2). Conversely, incubating the cells with hemin for 30 min resulted in increased quantities of CLPX and CLPP proteins in the immunoprecipitates (lane 3). Treatment of the cells with hemin increased the quantities of immunoprecipitated CLPX and CLPP proteins even after treatment with SA (lane 4). These results strongly suggest that ClpXP forms complexes with ALAS1 in mitochondria in HepG2 cells in a heme-dependent manner. Another ATP-dependent mitochondrial protease, LONP1, has been reported to be involved in the heme-dependent degradation of ALAS1 (21) . We therefore also examined whether the immunoprecipitates of ALAS1 protein included LONP1. As shown in Fig. 3B , LONP1 was detected in the immunoprecipitates of ALAS1 without (lane 1) or with hemin treatment (lane 3) but was hardly detected after treatment with SA (lane 2). Interestingly, LONP1 was not clearly recovered in the immunoprecipitates after treatment with hemin for 30 min (lane 4), suggesting that the mode of complex formation between ALAS1 and LONP1 is different from that between ALAS1 and ClpXP.
Next, we used siRNA to suppress CLPX or CLPP expression to examine the roles of these proteins in regulating ALAS1 expression. As shown in Fig. 3C , the introduction of siCLPX-1 (lanes 7-9) and siCLPX-2 (lanes 10 -12), both of which effectively suppressed CLPX expression, increased ALAS1 expression in HepG2 cells. Conversely, the introduction of the siNegative control (lanes 1-3) or siGAPDH (lanes 4 -6), a positive control for siRNA transfection, did not influence ALAS1 expression. Surprisingly, transient suppression of CLPP using siCLPP1 (lanes [13] [14] [15] or siCLPP2 (lanes 16 -18) had only a marginal effect on ALAS1 expression at 48 h after transfection. Therefore, we prolonged the suppression of CLPP expression by performing sequential transfection of siRNA 4 days after the initial transfection. Ten days after the initial transfection of siCLPP to suppress CLPP expression, endogenous ALAS1 expression was found to increase in HepG2 cells (Fig. 3D , lanes 5 and 6) compared with that found in cells transfected with the siNegative control (Fig. 3D, lane 2) . The prolonged suppression of CLPX more effectively induced the accumulation of ALAS1 protein in HepG2 cells (lanes 3 and 4) . These results suggest that a complex forms between ClpXP and ALAS1 proteins in HepG2 cells and that ClpXP is involved in the degradation of ALAS1 protein in these cells.
CLPX Is Essential for Heme-dependent Degradation of Endogenous ALAS1 Protein in FT293 Cells-To determine which protein, CLPX or CLPP, is closely associated with ALAS1, we immunoprecipitated FLAG-tagged ALAS1 (ALAS1F) after the introduction of siRNA against CLPX or CLPP in FT293 ALAS1F cells. As shown in Fig. 4A , CLPX-specific or CLPP-specific siRNA successfully decreased the expression of CLPX and CLPP, respectively (lanes 7 and 8) , in FT293 ALAS1F cells. Both CLPX and CLPP were detected in the immunoprecipitates of ALAS1F from FT293 ALAS1F cells treated without (lane 1) or with siNC (lane 2). CLPX was also detected in the immunoprecipitates from siCLPP-treated FT293 ALAS1F cells (lane 4), whereas CLPP was not detectable in the immunoprecipitates from siCLPX-treated FT293 ALAS1F cells (lane 3). These results suggest that CLPP requires CLPX to form a complex with ALAS1, whereas CLPX can associate with ALAS1 without CLPP. We next further examined the involvement of CLPX in the regulation of ALAS1. We established CLPX knock-out FT293 cells using the CRSPR/Cas9 system (designated FT293 ⌬CLPX ). Then a CLPX expression vector (pcDNA5/ FRT/TO-CLPX) was introduced as described previously to establish CLPX ind /FT293 ⌬CLPX , in which the expression of 2, 4, 6, and 8) or without (lanes 1, 3, 5, and 7) SA for 24 h. Some cell samples were subsequently treated with hemin for 30 min (lanes 3, 4, 7, and 8) . Endogenous ALAS1 protein was immunoprecipitated using an anti-ALAS1 monoclonal antibody, and the loading volume of each eluate was adjusted according to the intensity of each immunoprecipitated ALAS1 protein; therefore, each sample contained a similar amount of ALAS1 protein (lanes 1-4) . For total cell lysate, 10 g of protein was loaded into each lane (lanes 5-8) . C, specific siRNA-mediated reduction in CLPX expression causes accumulation of ALAS1 proteins in HepG2 cells. The transfected siRNAs and their concentrations are indicated at the top of the panel. Total cell lysate was prepared for each cell sample, and 10 g of protein was loaded into each lane. D, prolonged suppression of CLPP or CLPX induced the accumulation of endogenous ALAS1 protein in HepG2 cells. The cells were harvested 10 days after the initial transfection of each siRNA. The details of this procedure are described under "Experimental Procedures." A total of 10 g of protein was loaded into each lane.
CLPX is inducible in a doxycycline-dependent manner. Fig. 4B presents the target sequence for Cas9 nuclease and the genotype of the FT293 ⌬CLPX cells we established. As shown in Fig.  4C , CLPX was not detected in FT293 ⌬CLPX in the absence or presence of doxycycline (lane 3 or 4, respectively). Although CLPX was highly expressed after incubation with doxycycline (lane 6), it was marginally detected in CLPX ind /FT293 ⌬CLPX cells even in the absence of doxycycline (lane 5). Although the reason for the basal expression of CLPX in CLPX ind / FT293 ⌬CLPX cells is unclear, it is possible that the FBS used to culture CLPX ind /FT293 ⌬CLPX cells contained tetracycline, as indicated in the manual for the Flp-In T-Rex system (Invitrogen). Using these cells, we examined the expression level of endogenous ALAS1 protein in the presence or absence of CLPX. As shown in Fig. 4C , deletion of CLPX resulted in an increase in the expression of the ALAS1 protein (lanes 3 and 4) compared with that in FT293 cells (lanes 1 and 2) . ALAS1 expression in CLPX ind /FT293 ⌬CLPX cells was also increased without doxycycline (lane 5), whereas it was decreased after the induction of CLPX protein expression (lane 6). Using these cells, we have further examined the effect of hemin treatment on the expression level of ALAS1 (Fig. 4D) . Interestingly, hemin treatment resulted in a decrease in ALAS1 protein in FT293 cells (lane 2, compared with lane 1) or CLPX-induced CLPX ind / FT293 ⌬CLPX cells (lane 6, compared with lane 5); ALAS1 protein levels were unchanged after treatment with hemin in uninduced CLPX ind /FT293 ⌬CLPX cells (lanes 3 and 4) . These results strongly suggested that the expression of CLPX is essential for heme-dependent degradation of ALAS1 protein.
Mutation of the CP3 Motif on the ALAS1 Protein Extends the ALAS1 Protein
Half-life in Mitochondria-Because specific knockdown of CLPX or CLPP expression resulted in the accumulation of ALAS1 protein in HepG2 cells, we hypothesized that ClpXP is involved in the degradation of ALAS1 proteins within mitochondria. To test this hypothesis, we investigated the turnover rates of ALAS1F proteins in which the presequence (⌬preseq), CP1 and CP2 (CP1⅐2) motifs, or all three CP motifs (CP1-3) were mutated, and we compared these rates with that of WT ALAS1F protein. Each expression vector was introduced into FT293 cells, which allowed transcription to be induced by the addition of doxycycline. At 24 h after inducing the expression of each protein, translation was inhibited using cycloheximide (CHX). ALAS1F protein expression was examined 1.5, 3, and 6 h after the addition of CHX. A representative result is shown in Fig. 5A . The intensity produced by the mature protein in each lane was measured for statistical analysis. The means and S.D. of three independent experiments are shown in Fig. 5 , B (without SA) and C (with SA). As shown in Fig. 5B , the relative expression levels of ALAS1F⌬CP1⅐2 at 3 and 6 h after the addition of CHX are significantly lower than those of the other proteins (**, p Ͻ 0.05). The relative expression levels of WT ALAS1 and ALAS1F⌬CP1-3 at 6 h after the initiation of CHX treatment were lower than those of luciferase or ALAS1(⌬preseq) (*, p Ͻ 0.05). As shown in Fig. 5B , the expected half-lives of WT ALAS1 and ALAS1F⌬CP1-3 ALAS1 are each ϳ6 h, whereas the half-life of ALAS1F⌬CP1⅐2 is ϳ2 h. These results suggest that the presence of CP3 in the mature ALAS1 protein is related to the shorter half-life of mature ALAS1. Although we expected WT ALAS1 to have a similar half-life to that of ALAS1F⌬CP1⅐2, the half-life was actually longer than that of ALAS1F⌬CP1⅐2. This discrepancy might be caused by the accumulation of precursor WT proteins in the cells, which might partially compensate for degraded mature proteins by translocating into mitochondria. Indeed, the accumulation of precursor wild-type ALAS1 protein was detected in cells not treated with SA (Fig. 5A, top, SA (Ϫ) ), whereas there was virtually no accumulation of ALAS1F⌬CP1⅐2 or ALAS1F⌬CP1-3, both of which contain mutated CP motifs within their presequences. Thus, to determine the functional role of the CP3 motif on ALAS1F with respect to the half-life of the mature protein in mitochondria, it might be suitable to compare the half-life of ALAS1F⌬CP1⅐2 with that of ALAS1F⌬CP1-3. Conversely, following treatment with SA, WT ALAS1, ALAS1F⌬CP1⅐2, and ALAS1F⌬CP1-3 ALAS1F all became very stable, and no differences were found in the relative expression levels within each sample at any time point (Fig. 5C) . These results suggest that the presence of the CP3 motif on ALAS1 correlates to the short half-life of this protein in mitochondria, although this effect is masked when endogenous heme biosynthesis is suppressed by treatment with SA.
The CP3 Motif Is Involved in the Oxidation of ALAS1 Protein and the Recruitment of LONP1 into the ALAS1 Protein Complex-Because it has been reported that the binding of free heme to the CP motif on iron regulatory protein 2 (IRP2) leads to the oxidation of the IRP2 protein (23), we attempted to determine whether the CP3 motif on ALAS1 is involved in heme- , wild-type ALAS1 (WT), presequence-deleted ALAS1 (⌬preseq), ALAS1 protein with mutations in its presequence CP motifs (⌬CP1⅐2), and ALAS1 protein with mutations in all of its CP motifs (⌬CP1-3), were expressed in FT293 cells. Total cell lysates were prepared at 1.5, 3, and 6 h after the addition of cycloheximide into the culture medium. The intensities of the signals produced by the FLAG-tagged proteins were normalized against that produced by GAPDH. All signals were measured using ImageQuant TL software, and expression levels relative to that of cells not treated with cycloheximide were calculated. Each experiments was repeated at least three times, and one representative result is shown per panel. A total of 10 g of protein was loaded into each lane. B and C, expression levels of FLAG-tagged proteins at each time point relative to those at 0 h were used to determine the half-life of each protein. In C, cells were treated with succinylacetone for 24 h before and during incubation with cycloheximide. The average of three independent experiments was used to prepare the graph, and the error bars indicate S.D. p or m, precursor or mature FLAG-tagged ALAS1 protein, respectively.
mediated oxidation of ALAS1. To accomplish this, we incubated ALAS1F-expressing cells in which endogenous heme production was suppressed by SA with hemin for several hours before immunoprecipitation. Following this, we examined the carbonylation of immunoprecipitated ALAS1 because car-bonylation is the most common oxidative modification of a protein. As shown in Fig. 6A (top left) , the immunoprecipitated ALAS1F proteins contained carbonylation, and their molecular sizes correspond to precursor and mature ALAS1F proteins (lane 1). Furthermore, treating the cells with SA slightly inhib- A, cells expressing FLAG-tagged ALAS1 (ALAS1F) or ALAS1⌬CP3 (ALAS1F⌬CP3) were treated with succinylacetone for 24 h. Following this, the cells were treated with hemin for the indicated times before immunoprecipitation. The loading volume for each immunoprecipitated sample was adjusted according to the intensity of the FLAG-tagged protein so that similar quantities of FLAG-tagged protein were loaded into each lane. One membrane was used to detect carbonylated protein (top), and another membrane was used to detect co-immunoprecipitated proteins (ALAS1F, CLPX, CLPP, LONP1, and GLRX5; bottom five panels) because treating the membrane with dinitrophenylhydrazine (DNPH) to detect carbonylated proteins modified the reactivity of some proteins toward their specific antibodies (data not shown). B, untreated (cont.), SA-treated and hemin-treated (6 h) samples of immunoprecipitated FLAG-tagged Luciferase (LucF), wild-type ALAS1 (ALAS1F), and CP3-mutated ALAS1 (⌬CP3) were selected for comparison. p or m, precursor or mature FLAG-tagged ALAS1 protein, respectively.
ited the oxidation of the protein (lane 2), whereas incubating the cells with hemin after the SA treatment enhanced the accumulation of carbonylated proteins, the molecular size of which corresponded to mature ALAS1 protein. This effect lasted for up to 6 h (lanes [3] [4] [5] [6] . We also attempted to determine whether immunoprecipitated ALAS1F⌬CP3 proteins showed an accumulation of carbonylated proteins because the CP3 motif is present in the mature ALAS1F protein. We found that carbonylated proteins were only faintly detectable in ALAS1F⌬CP3 immunoprecipitates, even after a 6-h incubation with hemin ( Fig. 6A, top right, lanes 7-12) . These results suggest that the presence of the CP3 motif on ALAS1 and the longer exposure of cells to hemin are both related to the oxidation of the ALAS1 protein. Interestingly, CLPX and CLPP proteins were barely detectable in ALAS1F⌬CP3 immunoprecipitates, even after a 6-h-long hemin treatment (Fig. 6A, middle panels, lane 12) .
These results suggest that the CP3 motif on ALAS1 is involved in the heme-dependent oxidative modification of the ALAS1 protein and in the formation of a complex between ClpXP and ALAS1. However, it is unclear whether ClpXP is involved in the degradation of oxidized ALAS1 because the quantities of CLPX and CLPP proteins in the ALAS1F immunoprecipitates did not change during the incubation with hemin ( Fig. 6A, middle panels, lanes 3-6) . Previously, it was reported that another ATPdependent mitochondrial matrix protease, LONP1, is involved in the heme-dependent degradation of ALAS1 (21) and in the removal of oxidized mitochondrial proteins (19, 24) . We thus examined whether ALAS1F immunoprecipitates contained LONP1, although LC-MS analysis of immunoprecipitated ALAS1F proteins did not identify LONP1 protein. As shown in the second panels from the bottom in Fig. 6A , LONP1 protein was detected in WT ALAS1 immunoprecipitates (lane 1). Furthermore, the quantity of LONP1 protein in ALAS1F immunoprecipitates increased after the cells were incubated with hemin (lanes 3-6) . It should be noted that the presence of LONP1 in the ALAS1F immunoprecipitates is also related to the presence of the CP3 motif on ALAS1 because LONP1 was barely detectable in ALAS1F⌬CP3 immunoprecipitates, even after incubation with hemin (lanes 7-12). We also assessed whether ALAS1F immunoprecipitates contained GLRX5, which was identified in these immunoprecipitates via LC-MS analysis. As shown in the bottom panels of Fig. 6A , GLRX5 was detected in ALAS1F and ALAS1F⌬CP3 immunoprecipitates, and treatment of cells with SA and/or hemin did not influence the formation of complexes between these proteins. These results suggest that intracellular heme levels and the presence of the CP3 motif on ALAS1 do not affect the formation of complexes between GLRX5 and ALAS1 (lanes 1-12) . Several of the above samples as well as immunoprecipitates of LucF were selected and loaded onto the same acrylamide gel for comparison against each other (Fig. 6B) . The results clearly demonstrated differences between ALAS1F (lanes 4 -6) and ALAS1F⌬CP3 (lanes 7-9) with respect to heme-dependent oxidative modifications and the formation of complexes with CLPX, CLPP, and LONP1. In contrast, no heme-dependent carbonylation or complex formation was detected in the LucF immunoprecipitates (lanes 1-3) . Again, only GLRX5 was similarly detected in the immunoprecipitates of ALAS1F and ALAS1F⌬CP3 (bot-tom). This finding was true regardless of whether the cells were treated with SA or hemin before immunoprecipitation (Fig. 6B,  bottom, lanes 4 -9) .
Discussion
In the present study, using immunoprecipitation followed by MS analysis, we identified several proteins capable of forming complexes with ALAS1. The presence of CLPX, CLPP, or GLRX5 proteins in the immunoprecipitates of FLAG-tagged ALAS1 proteins was also confirmed using Western blotting analysis. We further demonstrated that hemin treatment stimulates the formation of complexes between ALAS1 and ClpXP in human hepatic cells. Moreover, siRNA-mediated suppression of CLPX or CLPP resulted in the accumulation of ALAS1 proteins in mitochondria, suggesting that ClpXP is involved in the degradation of the ALAS1 protein within mitochondria. Furthermore, using CLPX ind /FT293 ⌬CLPX cells, we successfully demonstrated that the presence of CLPX is essential for hememediated degradation of endogenous ALAS1 protein. Interestingly, the HRM on the mature ALAS1 protein (CP3), which has previously been reported to be involved in heme-dependent suppression of the mitochondrial translocation of the ALAS1 precursor protein, was found to play a crucial role in the formation of complexes between ALAS1 and ClpXP and in the hemedependent degradation of ALAS1. Taken together, our results demonstrate that ClpXP is involved in negative feedbackmediated regulation of heme biosynthesis via the heme-dependent degradation of ALAS1.
Recently, Kardon et al. (18) reported that Mcx1, a yeast homolog of CLPX, stimulates heme biosynthesis in yeast by enhancing the insertion of co-enzymes into the Hem1 protein.
These authors also demonstrated that human CLPX can activate ALAS2 both in vitro and in vivo, whereas recombinant ClpXP, which degrades the typical ClpXP substrate, is unable to digest recombinant human apoALAS2 proteins in vitro. The referenced work indicates a novel function for mammalian CLPX as an activator of ALAS2 enzymatic activity in vertebrates. However, it is also important to note that recombinant ClpXP, which consists of mouse CLPX and human CLPP, is able to digest the general ClpXP substrate "casein," confirming that mammalian ClpXP is an active protease. Indeed, other groups have previously reported on the proteolytic ability of human ClpXP using casein as a substrate (15, 25) , although the specific substrate used by human ClpXP remains unclear. Thus, based on our results, we hypothesize that ClpXP can recognize and modify ALAS1 for degradation under special conditions, such as in the presence of heme, as in our assay conditions. It is still unclear whether ClpXP directly digests ALAS1, which can be determined in vitro using a combination of recombinant CLPX, CLPP, and ALAS1 proteins. Such experiments are ongoing projects in our laboratory, and we are actively attempting to express and purify these recombinant proteins to create an in vitro assay system. Although a procedure for purifying recombinant active human ClpXP protein has already been reported (25) , a method for purifying recombinant human ALAS1 protein has not yet been established. Indeed, human ALAS1 could not be purified using the same methods that we used to purify recombinant ALAS2 (26, 27) because the recombinant ALAS1 protein degraded during purification (data not shown). Thus, we are currently attempting to modify our method for the purification of recombinant ALAS1 for the purpose of creating an in vitro assay system.
In our initial experiment using LC/MS, we did not identify LONP1 in ALAS1F immunoprecipitates (Table 1) , although Tian et al. (21) reported that heme-mediated breakdown of ALAS1 protein is dependent on the presence of LONP1. However, our Western blotting analysis revealed the presence of LONP1 in ALAS1 precipitates from HepG2 cells ( Fig. 3B ) and in ALAS1F immunoprecipitates from FT293 cells (Fig. 6A) , and LONP1 levels were enhanced following hemin treatment (Fig.  6A ). Thus, it is possible that LONP1 and ClpXP cooperatively regulate ALAS1 degradation within the mitochondria of mammalian cells. Interestingly, the sequential exposure of cells to SA and hemin restored the formation of complexes between ClpXP and ALAS1F within 30 min after the initiation of the hemin treatment. LONP1 became evident in these immunoprecipitates several hours after the initiation of the hemin treatment ( Fig. 6A ). Furthermore, increases in LONP1 quantities in the ALAS1F immunoprecipitates appeared to be related to the accumulation of oxidized ALAS1 in the immunoprecipitates, suggesting that heme-dependent oxidation of ALAS1 might be required for LONP1-dependent degradation. Conversely, ClpXP recognizes heme-bound ALAS1 as an earlier response to intracellular increases in free heme, mediating the modification of ALAS1 for degradation by LONP1. It should be noted that the CP3 motif on mature ALAS1 plays an important role in the formation of complexes between ALAS1 and ClpXP and in the oxidation of the ALAS1 protein. These results suggest that the binding of heme to the CP3 motif triggers the recognition of ALAS1 by ClpXP and the oxidative modification of ALAS1.
Our study revealed that both of the examined ATP-dependent proteases might be involved in the heme-dependent degradation of the ALAS1 protein within the mitochondrial matrix. This degradation occurs as a part of a negative feedback mechanism for heme biosynthesis and might be initiated by the direct binding of heme to the CP3 motif on ALAS1. In addition to the above-discussed proteins, several other proteins were identified as possible candidates for the formation of complexes with ALAS1. However, it is still unclear whether these proteins form complexes independently or form one large complex together. The answer to this question should be better elucidated in future work performed by our group, in which we intend to separate immunoprecipitates using isoelectric focusing or glycerol gradient centrifugation before LC/MS analysis.
Experimental Procedures
Reagents-Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich, Wako Pure Chemical Industries (Osaka, Japan), or Nacalai Tesque (Kyoto, Japan). Complete EDTA-free protease inhibitor tablets were purchased from Roche Diagnostics GmbH (Mannheim, Germany). Anti-DDDDK-agarose and DDDDK peptides for the purification of FLAG-tagged proteins were purchased from Medical and Biological Laboratories Co., Ltd. (Nagoya, Japan).
cDNA Cloning and Site-directed Mutagenesis-Human ALAS1 cDNA (GenBank TM number NM_000688) encoding an ALAS1 precursor protein (GenBank TM number CAA39794) was amplified by PCR with the following primers: 5Ј-CTC-AGCGCAGTCTTTCCACAGG-3Ј and 5Ј-GTCGACGCT-AGCCTGAGCAGATACCAACTTG-3Ј. The amplified products were cloned into a pGEM-T Easy Vector (Promega Corp., Madison, WI). The resultant plasmid was digested with the SalI restriction enzyme to isolate ALAS1 cDNA, and the isolated fragment was then used to replace ALAS2 cDNA in a pGEM-AET vector (28) . The resultant pGEM-ALAS1F vector contained ALAS1 cDNA that encoded an ALAS1 precursor protein with a FLAG tag at its C-terminal end. Using a PrimerStar Max site-directed mutagenesis kit (Takara Bio, Shiga, Japan), the mutations c.22_23TGϾGC, c.97_98TGϾGC, and c.322_323TGϾGC were introduced into the pGEM-ALAS1F plasmid, respectively, resulting in p.C8A, p.C33A, and p.C108A amino acid substitutions within the ALAS1 protein (Takara Bio). Because p.Cys-8, p.Cys-33, and p.Cys-108 correspond to conserved cysteine residues within CP1, CP2, and CP3, respectively, each mutation was expected to inhibit heme binding to these CP motifs within the HRM (10). To prepare cDNA encoding the mature ALAS1 protein, which lacks a mitochondrial targeting signal, the pGEM-ALAS1F plasmid was subjected to amplification by PCR using the following primers: 5Ј-GCGGCCGCGATGGAACA-GATCAAAGAAACCCCTC-3Ј and 5Ј-GTCGACGCTAGC-CTGAGCAGATACCAACTTG-3Ј. Amplified products were cloned into a pGEM-T Easy Vector, the plasmid was digested with NotI and SalI, and the isolated fragments were used to replace ALAS2 cDNA within a pGEM-AET plasmid. The resultant plasmid, pGEM-⌬preseqALAS1F, contained cDNA encoding the mature ALAS1 protein with a FLAG tag at its C-terminal end. The above-described plasmids were digested with NotI, and each cDNA construct was cloned into the NotI site of a pcDNA5/FRT/TO vector (Invitrogen). The resultant plasmids pFRT-ALAS1F, pFRT-ALAS1⌬preseq, pFRT-ALAS1⌬CP1⅐2, pFRT-ALAS1⌬CP3, and pFRT-ALAS1-⌬CP1-3 were used to express FLAG-tagged, wild-type, presequence-deleted ALAS1 proteins containing mutations in both HRM1 and HRM2, in HRM3 alone, and in all three HRMs, respectively. Each plasmid was then co-transfected with a pOG44 vector in Flp-In T-REx 293 cells (FT293 cells, Invitrogen) to establish stable transformants. These transformants individually expressed each FLAG-tagged ALAS1 protein construct (ALAS1F) in a tetracycline/doxycycline-inducible manner. The conditions used to select the transformants and the establishment of cells expressing FLAG-tagged luciferase (LucF) were performed as described previously (27) .
Cell Culture-The culture conditions used to grow the FT293 cells were as described previously (27) . HepG2 cells were purchased from the European Collection of Cell Cultures (ECACC), a public cell culture collection maintained in the United Kingdom. The cells were maintained in Eagle's minimum essential medium supplemented with 10% FBS, 2 mM glutamine, 1% non-essential amino acids, 50 units/ml penicillin, and 50 g/ml streptomycin.
Immunoprecipitation and Western Blotting Analysis-Unless otherwise noted, the preparation, incubation, and centrifugation of the collected samples were performed at 4°C. The cells were lysed in lysis buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, was introduced into HepG2 cells using Lipofectamine RNAiMax reagent (Thermo Fisher Scientific) according to the manufacturer's instructions. Forty-eight hours after transfection, the cells were harvested and lysed, and the total cell lysates were subjected to Western blotting analysis. For prolonged suppression of the CLPX or CLPP protein, a second siRNA transfection was performed 4 days after the initial transfection, and the cells were cultured for an additional 7 days before harvest. The culture medium for the siRNA-transfected cells was replaced with fresh medium at least every 4 days. Total cell lysate was prepared using lysis buffer as described above.
Establishment of CLPX-knock-out FT293 Cells and Doxycycline-inducible Expression of CLPX-The pSpCas9(BB)-2A-Puro(PX459) expression vector was a gift from Feng Zhang (Addgene plasmid 48139), and the knock-out of the CLPX gene was constructed as described with slight modifications (31) . The sequences of the oligonucleotides, which included a guiding RNA sequence, were 5Ј-CACCGCGGTGCTTGTACTTGCG-GCG-3Ј and AAACCGCCGCAAGTACAAGCACCGC-3Ј. After annealing, these oligonucleotides were inserted into the BbsI site of pSpCas9(BB)-2A-Puro(PX459). The resultant plasmid, PX459-CLPX, was used to transfect FT293 cells using Lipofectamine 2000 (Invitrogen). After cloning transfected cells, several clones were analyzed for the CLPX gene mutation using the Guide-it mutation detection kit (Clontech, Mountain View, CA). Positive clones were further subjected to Western blotting analysis to detect the CLPX protein. The selected CLPX negative clone was designated FT293 ⌬CLPX . The CLPX locus targeted by Cas9 in FT293 ⌬CLPX cells was amplified by PCR and subcloned into T-Vector pMD20 (Takara Bio) for sequencing. To construct the human wild-type CLPX protein expression vector, the CLPX cDNA carrying a silent mutation at Ala11 was inserted into the BamHI and NotI restriction sites of the pcDNA5/FRT/TO vector. The resulting expression vector, pcDNA5/FRT/TO-CLPX, was co-transfected with the pOG44 vector into FT293 ⌬CLPX cells to obtain stable transformants. After cloning the transformants as described (27) , each clone was examined for the doxycycline-inducible expression of CLPX and zeocin sensitivity. The resultant clone was designated CLPX ind /FT293 ⌬CLPX . For the induction of CLPX, cells were treated with 1 g/ml doxycycline for 8 days and then further incubated with hemin for 6 h before harvesting cells.
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